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essence of the story I'm not going to talk, as a physicist typically would, in terms
of a genuine atomic phenomena such as ‘electron spin’. Instead, I'll keep things
deliberately unspecific and talk simply of stuff (quantum stuff!) which can have
just two properties, colour (blue or red) or shape (circle or square)®. Just because
the presentation is cast in these less technical terms, rest assured that in no sense
will I be dumbing down the treatment. I'm going to give it to you straight in a
series of ‘lessons’. Here comes the first!

2. QUANTUM MECHANICS LESSON 1 - MEASUREMENT AND PREPARATION

Corresponding to the two properties of colour and shape, we have available to us
two kinds of measurement, two experimental tests, which we can use to determine
‘values’ of the respective properties, blue or red in the case of colour, circle or square
in the case of shape. If we test any piece of quantum stuff for colour then it will
always produce the result red or blue. Likewise, conducting a shape measurement
on a piece of quantum stuff we’ll find either circle or square. Given a piece of
quantum stuff of unknown origin we cannot say which of the two possible outcomes
we’ll obtain for a given measurement. However, if we perform two identical tests
one after the other then we will always obtain identical results. For example, if
we test a piece of quantum stuff for colour and find red and then immediately test
for colour again, we are certain to obtain the result red. Similarly if we tested a
piece of quantum stuff for shape and found square and then repeated the shape
test on the same quantum stuff, then, with 100% certainty, the result would again
be square. It is therefore said that by testing a piece of quantum stuff of unknown
origin for colour or shape, by performing on it the respective measurement, we have
prepared it in a known state of colour or shape respectively.

So far so sensible... Now let’s do something a bit different. Suppose we prepare,
as described, a large number of samples in states of known colour. That is, given a
large collection of pieces of quantum stuff, all of unknown origin, we test each for
colour and collect the red and blue samples separately into two subsets of known
colour. Then the result of immediately repeating a colour test on a representative
of either subset is known with certainty. But let’s instead test, say, each of the blue
subset for shape. We find that for about half of the samples the shape test gives the
result circle with the other half of course giving the result square. Likewise for the
red subset, there’s roughly a 50:50 split between circle and square when a shape
test is applied to each sample. In other words, given a piece of stuff prepared in
a state of known colour a shape measurement is as likely to find that its circle as
square. This is interesting. With the quantum stuff in a known state of colour I
know the probability of finding it to be circle or square.

Let’s now take a particular piece of quantum stuff which has been subjected
first to a colour and then a shape test. Suppose the colour test revealed it to be
red and the subsequent shape test result was square. Does this particular piece
of quantum stuff then have both these attributes? Is it both square and red — a
red square? Quite reasonably, you would think this must obviously be true and
that if we now retest for colour we must surely confirm the earlier colour result,
red. In fact this is not the case. There is now a 50% chance of it testing red
and a 50% chance of it testing blue! The fact that it originally tested red for
colour is irrelevant! The intervening shape measurement has caused us to lose all
information about its colour. Likewise, if some quantum stuff was in a known state
of shape and then subjected to a colour measurement. The colour measurement

3The idea of using colour and shape comes from a nice article by Frank
Wilzek, “Entanglement Made Simple” available at https://www.quantamagazine.org/
20160428-entanglement-made-simple/
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of finding square is encoded in the following symbolics.
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What these equations are ‘saying’ is that a state of known colour can be viewed as a
superposition of shape states (the first two equations) and that likewise a state of
known shape can be viewed as a superposition of known colour states (the third and
fourth).* The important take away here is this notion of superposition. It means
that two potential types of shape are simultaneously present ‘in’ the colour state and
therefore sometimes when we test a state of known colour for shape we find circle
and sometimes square. The numbers here ensure that, using the aforementioned
rules for extracting information, the respective probabilities are exactly 1/2. It is
very important to appreciate that if some quantum stuff is in such a superposition,
say of circle and square states, it is not the same as it having either the shape
property circle or square. To understand this, suppose we have a large number of
pieces of quantum stuff in the known colour state red and another large number
of pieces of quantum stuff which consist of a 50:50 mixture of circle and square
pieces. It is certainly true that testing for shape we could not distinguish between
these two collections — in both cases we’d estimate that half were square and half
were circle. However, testing for colour does distinguish between them since the
collection of pieces of quantum stuff which are superpositions are all in the known
colour state red and so a colour test will have certainly have outcome red for each of
those pieces whilst testing the 50:50 mixture of circle and square pieces will result
in roughly a 50:50 split of red and blue outcomes. The reason being that each state
of known shape is itself a superposition of red and blue states!

So, to reiterate, given some arbitrary piece of quantum stuff in some unknown
state |¥), if we carry out a colour measurement and find the outcome red then we
have prepared the piece of stuff in the state |@). The outcome of another colour
measurement on this piece is now clear — the mathematical representation of the
state of the stuff is telling us it’s red and testing for colour can only give this result!
But if we test for shape then what’s relevant is that this state has the quantum
mechanical description as a superposition,

18) = = G1o) +1)

& NG 4 .
The outcome of a shape measurement is therefore random — both possibilities
exist in the red state with equal probability. Perhaps we test for shape and find
circle, then we have simply prepared the piece of quantum stuff in the state | ).
The information that it once had known colour is lost forever. It’s worth pausing a
moment here to reflect on just how different this behaviour is to that of our common
experience. You might ask, but how can that be? I'm afraid I have no answer. This
is how nature responds when we probe its microstructure in our macroscopic terms,
that is, using our macroscopic laboratory equipment.

4Don’t worry about the square root of 2 and the i’s appearing here — they’re just there because
as promised I'm giving it to you straight, exactly as a physicist would write it.
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would prepare it in a known state of colour, but the outcome of a subsequent shape
measurement would be perfectly random. Shape and colour are an example of a
pair of complementary properties. It is a fundamental fact of quantum mechanics
that complementary properties cannot simultaneously be known. As a matter of
principle, there is no test available to us that can simultaneously reveal both these
properties. This is of course very different to what we’re used to. What we could
call ‘classical’ stuff, the objects of our direct physical experience, have properties
which exist simultaneously and independently of whether we test for them. At
those scales, red squares exist.

What it means for quantum stuff to have ‘properties’ is profoundly different from
what it means for classical stuff to have properties. Physicists talk of the state
of a system by which they mean all the information that’s needed to completely
describe the system. Since classical stuff can have both colour and shape its state
could simply be described by a list of the values of its possible properties. For
example,

(@), (1)

could describe some classical stuff having colour red and shape circle. The proper-
ties of quantum stuff may, as is the case for our colour and shape, be complimentary
and so cannot be simultaneously known. The symbolic representation of quantum
stuff is necessarily different. The sort of symbol used to represent a piece of quan-
tum stuff might look something like,

w).

It’s called a state vector and is very different from the simple list of properties we
used to describe a piece of classical stuff. As we’ve seen, known shape implies no
knowledge, no information, about colour and vice versa. In the quantum world we
have seen that one and the same state may correspond both to the information that
“the probability of the result of a colour test being red is 1” and to the information
that “the probability of the result of a shape test being square is 1/2 and being
circle is 1/2”. So quantum stuff requires a very different kind of representation and
then very specific rules to extract from that representation meaningful information.
Consequently there is a deep and apparently necessary indirectness in the quantum
description which one way or another accounts for the conceptual issues we face
when trying to interpret what quantum theory is telling us about the world. Whilst
we have a wonderfully successful mathematical formalism for extracting information
from |¥) the status of exactly what |¥) is, is still being debated 100 years after the
the theory’s original formulation.

In our case, having tested some quantum stuff for colour and found red we have

prepared the stuff in a state we could denote,

@)

or, if we found blue, the quantum stuff would be prepared in the state,

#) -

Similarly if we performed a shape test on some quantum stuff we would prepare it
in either the circle state,

=)

or the square state,

1)

The remarkable fact that, when we prepare some quantum stuff in a state of definite
colour and then test for shape, there’s a 50% chance of finding circle and 50% chance
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Certain aspects of

quantum mechanics can appear weird, absurd even, yet it is an article of faith

REALITY IS ONLY A WORD
1. IT MIGHT BE WEIRD BUT IT WORKS!

Quantum mechanics! is the physics of the very small. The story I want to tell
here will focus mainly on a peculiar feature of that world called entanglement
and its implications for how we understand ‘reality’. Erwin Schrédinger, one of

It is both beautiful in its mathematical formulation and powerful in terms of
its explanatory reach. Questions as diverse as why the sky is blue and the grass

the founding fathers of quantum theory, coined the term entanglement in 1935.
He regarded it as “...the characteristic trait of quantum mechanics, the one that

is green, to what makes rocks hard, to why the sun shines, all find their ultimate
explanations in quantum mechanics. Its accuracy is unprecedented. There has

never been a more finely tested physical theory?. Over the past hundred or so
years it has been subjected to ever more ingenious and subtle experimental tests

and its predictions have always been confirmed. Upon its validity rests the huge

amongst physicists that quantum theory is the greatest human achievement of the
edifice of technology which defines modern life — it led directly to the invention of

enforces its entire departure from classical lines of thought.”
20th century.
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the transistor, a device which one way or another is behind all modern electronics.
There would be no lasers without quantum mechanics nor would there be the

nuclear magnetic resonance imaging technology so important in modern medicine.

I could go on. In summary, quantum mechanics works!

So where’s the weirdness? Well for one thing we’re used to being able to visu-

alise what’

But taking literally the quantum

1€S.

in our physical theor

s going on

mechanical description of the atomic world, applying to it the visual grammar of
our intuition, we find ourselves mired in a philosophical house of mirrors, encoun-
tering paradoxes at every turn. The problems arise from certain peculiar features
of the quantum mechanical description of nature. There is the implication that an

m going

iple random. This

in princ
t way in which the current knowledge of a system,
I want to give as honest an account as possible of

1rec

s the ind
it’s ‘state’, is encoded mathematically. This quantum mechanical ‘state vector’ is

1S1M 1

Iy interchangeably use the terms quantum mechanics, quantum theory and quantum physics.
’In truth, quantum mechanics is regarded as nothing less that the correct framework for all of

We'll explore these and other strange aspects of the quantum world and its
physics.

how we are able to interface with the microworld. Another curious feature of the
formalism in what follows.

what makes quantum mechanics weird using essentially no mathematics but I also
to give you a genuine look at their symbolic language. So as not to obscure the

the central object of study and yet its status, beyond that of a calculational devise,
want to show you how physicists represent things in their actual work — I’

deterministic mechanism at work ‘behind the scenes’, but is an inherent feature of
is still hotly debated.

essential randomness is at work, at least in the sense that the answers to questions

we can ask of the quantum world are in general and
randomness seems not to have to do with a lack of complete knowledge of some

quantum formal
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